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Abstract The late 16th-century North American megadrought was notable for its persistence, extent,
intensity, and occurrence after the main interval of megadrought activity during the Medieval Climate
Anomaly. Forcing from sea surface temperatures (SSTs) in the tropical Paciﬁc is considered a possible
driver of megadroughts, and we investigate this hypothesis for the late 16th-century event using two new
600-year long hydroclimate ﬁeld reconstructions from Mexico and Australia. Areas represented by these
reconstructions have strong teleconnections to tropical Paciﬁc SSTs, evidenced by the leading principal
component in each region explaining ∼40% of local hydroclimate variability and correlating signiﬁcantly
with the boreal winter (December-January-February) NINO 3.4 index. Using these two principal components
as predictors, we develop a skillful reconstruction of the December-January-February NINO 3.4 index. The
reconstruction reveals that the late 16th-century megadrought likely occurred during one of the most
persistent and intense periods of cold tropical Paciﬁc SST anomalies of the last 600 years (1566–1590 C.E.;
median NINO 3.4 = −0.79 K). This anomalously cold period coincided with a major ﬁlling episode for Kati
Thanda-Lake Eyre in Australia, a hydroclimate response dynamically consistent with the reconstructed
SST state. These results oﬀer new evidence that tropical Paciﬁc forcing was an important driver of the
late 16th-century North American megadrought over the Southwest and Mexico, highlighting the large
amplitude of natural variability that can occur within the climate system.
1. Introduction
Megadroughts,multidecadal intervals of droughtmorepersistent thananyevent in the instrumental era,were
ubiquitous features of North American climate during much of the last two millennia (E. R. Cook et al., 2004,
2016; Stahle et al., 2007; Stine, 1994; Woodhouse & Overpeck, 1998). One of the most persistent, widespread,
and severe of these droughts occurred in the late 16th-century, extending acrossMexico, the Southwest, Cen-
tral Plains, Midwest, and the eastern United States (Stahle et al., 2000, 2007). This event stands out clearly in
tree-ring based reconstructions of drought variability (e.g., Stahle et al., 2007), including the most recently
updated version of the North American Drought Atlas (B. I. Cook, Cook, et al., 2016; Figure 1) which shows
drought conditions aﬀecting most of the Contiguous United States and northern Mexico during the late
1500s. The strongest anomalies were centered in the Southwest and Central Plains (dashed boxes), where
the event is exceptionally intense and persistent compared to other droughts of the last 500 years (Figure 1;
bottom two panels).
In addition to the tree-ring based North American Drought Atlas, the 16th-century megadrought is indepen-
dently recorded in other climate proxies across North America. These include lake records in Michigan (Hupy
& Yansa, 2009), Colorado (Routson et al., 2016), andMexico (Metcalfe et al., 2010) and indicators of dunemobi-
lization from the Central Plains (Forman et al., 2005; Halfen et al., 2012). This drought was severe enough to
merit mention in historical documents from English and Spanish settlements in the eastern United States
(Stahle et al., 2000), is cited as a likely reason for the abandonment of several Native American settlements
in the Southwest United States (Schroeder, 1968), and contributed to an outbreak of hemorrhagic fever in
1576, an epidemic that caused ∼2 million deaths in Mexico (Acuna-Soto et al., 2002). The drought also had
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Figure 1. Summer (June-July-August) drought anomalies (Palmer Drought
Severity Index) from the latest version of the North American Drought Atlas
(B. I. Cook, Cook, et al., 2016) for the late 16th-century (top panel). In the
North American Drought Atlas, the drought appears to have begun earlier in
the Central Plains compared to the Southwest, consistent with previous
tree-ring studies (Stahle et al., 2000), peaking in intensity over both regions
during the 1570s and 1580s.
signiﬁcant ecological impacts. Dune mobilization over the Central Plains,
for example, is indicative of widespread vegetation mortality because
mobilization only occurs when vegetation cover (and the associated sta-
bilizing inﬂuence on the dunes) is lost due to moisture declines (Muhs &
Maat, 1993; Muhs et al., 1996). Additionally, few living trees predate this
megadrought in the Southwest, evidence for widespread treemortality in
the region at the time (P. M. Brown & Wu, 2005; Swetnam & Betancourt,
1998; Williams et al., 2013).
Decadal and longer periods of drought in Southwest North America and
Mexico are often causedbypersistent periods of cool sea surface tempera-
tures (SSTs) in the eastern tropical Paciﬁc (e.g., Delworth et al., 2015; Seager
et al., 2005), typically associated with variability in the El Niño South-
ern Oscillation (ENSO). This is one of the leading hypotheses for earlier
megadroughts during the Medieval Climate Anomaly (ca. 800–1300 C.E.;
B. I. Cook, Cook, et al., 2016), with evidence from analyses using both
process-basedmodels (Coats, Smerdon, Cook, et al., 2015; Fenget al., 2008;
Seager et al., 2008; Stevenson et al., 2015) and empirical approaches (Ault
et al., 2018; Coats, Smerdon, Cook, et al., 2016; Coats, Smerdon, Karnauskas,
et al., 2016). While these studies provide support for tropical Paciﬁc SST
forcing of megadroughts in these regions, few studies nevertheless have
deﬁnitively attributed speciﬁc megadrought events to this mechanism
(Coats, Smerdon, Cook, et al., 2016). In part, this is because there is little
agreement across diﬀerent reconstructions of ENSO and tropical Paciﬁc
SSTs over the last millennium (e.g., Coats, Smerdon, Cook, et al., 2016).
While the magnitude and impact of the late 16th-century megadrought
has been widely investigated (see earlier references), no study has explic-
itly investigated the causes of this event, including the possible role of
ENSO and tropical Paciﬁc SSTs. Here we investigate this hypothesis using
two recent paleoclimate reconstructions that oﬀer new opportunities to
evaluate tropical Paciﬁc SST variability prior to the instrumental record: the
Mexican Drought Atlas (MXDA, Stahle et al., 2016) and the Australia-New
Zealand Drought Atlas (ANZDA, J. G. Palmer et al., 2015). These hydro-
climate reconstructions exist in geographically distinct regions with strong teleconnections to the tropical
Paciﬁc. The MXDA and ANZDA are also spatially resolved, providing additional information by which to iden-
tify and validate ﬁngerprints of tropical SST forcing in these data sets. Furthermore, the underlying proxies
in both reconstructions primarily respond to moisture availability, and thus are more likely to be sensitive
to tropical SST variability because of the larger inﬂuence of these dynamics on regional hydroclimate versus
temperature. For this study, our primary research objectives are therefore to (1) quantify the inﬂuence of trop-
ical Paciﬁc SST variability in the MXDA and ANZDA during the historical period, (2) use this information to
develop a reconstruction of the NINO 3.4 index for the last six centuries, and (3) determine the likely state of
the tropical Paciﬁc during the late 16th-century megadrought.
2. Methods
2.1. SST Data
The NINO 3.4 index is a widely used indicator of variability in tropical Paciﬁc SSTs and ENSO, calculated for this
study as the regional average SST anomaly over 120∘W–170∘W and 5∘S–5∘N from the Rayner et al. (2003)
HadISST monthly SST data set (1870–present). The SST anomalies are calculated separately for each month
relative to the baseline average from 1871 to 1970 C.E. The December-January-February (DJF; year centered
on January) average anomalies from the NINO 3.4 index are shown in Figure 2. Blue-gray shading covers+0.5
to−0.5 K, the standard thresholds used to deﬁne El Niño or La Niña events. Strong El Niño (NINO 3.4≥ +1.0 K)
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Figure 2. Seasonal average (DJF) NINO 3.4 index, calculated from the
HadISST data set. Blue-gray shading indicates ±0.5 K, the typical thresholds
used to deﬁne El Niño and La Niña events. Strong El Niño and La Niña
events (deﬁned as anomalies in excess of ±1 K) are indicated by the red and
blue circles, respectively. DJF = December-January-February.
and La Niña (NINO 3.4≤ −1.0 K) events are highlighted in the red and blue
dots, respectively. TheHadISSTdata set is publicly and freely available from
https://www.metoﬃce.gov.uk/hadobs/hadisst/.
2.2. Drought Atlases
The MXDA (Stahle et al., 2016) and ANZDA (J. G. Palmer et al., 2015)
are tree-ring based reconstructions of the local summer self-calibrating
Palmer Drought Severity Index (PDSI; W. C. Palmer 1965; Wells et al.,
2004). PDSI is a measure of soil moisture drought, standardized to the
local climate so that negative values indicate drier than normal condi-
tions while positive values indicate wetter than normal conditions. The
PDSI calculation itself integrates changes in moisture supply (precipita-
tion) and demand (evapotranspiration) from the preceding months and
seasons, with a persistence (typically 12 months or more) dependent on
the regional climate (Wells et al., 2004). Variability in summer season PDSI
in the reconstructions will thus reﬂect, to some degree, climate variability during the antecedent winter and
spring. The reconstruction target for both drought atlases is the global instrumental PDSI data set of van der
Schrier et al. (2013).
The regions targeted by these reconstructions have opposing responses to ENSO. El Niño events are gen-
erally wet over Mexico during the boreal cold season (November–April; Seager et al., 2009) and dry over
eastern Australia during austral spring (September-October-November) and summer (DJF; Australian Bureau
of Meteorology, 2014; Risbey et al., 2009). These anomalies are typically inverted during La Niña events. For
both regions, other climate modes are also important drivers of hydroclimate variability. Positive phases of
the Southern Annular Mode and atmospheric blocking centered near 140∘E, for example, are both associ-
ated with wet conditions over much of eastern Australia during austral spring, one of the seasons of peak
ENSO inﬂuence (Risbey et al., 2009). The Interdecadal Paciﬁc Oscillation (IPO) also aﬀects summer precipita-
tion and drought over Australia, primarily by amplifying ENSO impactswhen the twomodes are in phase (e.g.,
a negative IPO and La Niña; Power et al., 1999). Similarly, positive/negative phases of the Indian Ocean Dipole
cause dry/wet conditions across eastern Australia, with strongly ampliﬁed impacts when in-phase with ENSO
(Risbey et al., 2009). Over Mexico, precipitation is also inﬂuenced by tropical Atlantic SSTs, with warm SSTs in
this region typically causing dry conditions over northwest Mexico during November–April and enhancing
precipitation in southern Mexico and Central America during May–October (Seager et al., 2009).
TheMXDA (1400–2012C.E.) uses 252 tree-ringproxies and targets boreal summer (June-July-August) average
PDSI, covering all of Mexico and the southern United States up to 34.5∘N. The tree-ring proxies that form the
basis for the MXDA reconstruction are primarily sensitive to winter precipitation (Baek et al., 2017; St. George
& Ault, 2014), the season of strongest ENSO teleconnections over the region (Ropelewski & Halpert, 1986). For
theMXDA speciﬁcally, previouswork has shown that the ENSO signal over the instrumental period is relatively
strong and stable in Northern Mexico, but weaker and more nonstationary in southern Mexico where other
inﬂuences are likely to bemore important (Stahle et al., 2016). The reconstruction extends through 1985 C.E.,
after which it is merged with the instrumental PDSI from 1986 to 2012 C.E.
The ANZDA is a reconstruction of austral summer PDSI (DJF; year centered on January), covering eastern
Australia, Tasmania, and New Zealand (J. G. Palmer et al., 2015), using 176 tree-ring chronologies and one
coral luminescence record. The updated ANZDA (1400–2012 C.E.) analyzed in this study uses 22 additional
tree-ring records, including several wood property chronologies from Tasmania that extend prior to 1500 C.E.
(Allen et al., 2018), allowing for an extension of the reconstruction to 1400 C.E. to match the length of the
MXDA.Additionally, all tree-ring recordsused in theupdatedANZDAwere standardizedusing signal-free stan-
dardization (Melvin & Briﬀa, 2008) to better preserve low-frequency variability. Despite relying primarily on
nonlocal proxies, skillfulness of the ANZDA reconstruction over mainland Australia is comparable to, and by
somemeasures even exceeds, the skill in other independent hydroclimate reconstructions of the region (B. I.
Cook, Palmer et al., 2016). The DJF PDSI in the ANZDA is most sensitive to precipitation during the concurrent
summer and preceding spring (B. I. Cook, Palmer et al., 2016), also the seasons when regional ENSO impacts
are strongest (Risbey et al., 2009). Reconstructed values extend through 1975 C.E., merging with instrumen-
tal PDSI from 1976–2012 C.E. All data from the drought atlases used in this analysis have been uploaded as
supporting information.
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Figure 3. Pearson’s correlations between the instrumental December-January-February NINO 3.4 index and the
instrumental and reconstructed Palmer Drought Severity Index from the drought atlases (1902–1975). Insigniﬁcant
correlations (p > 0.05) are masked by the gray stippling.
2.3. Analyses
All analyses are limited to 1400–1975 C.E., the common period of overlap in reconstructed PDSI across the
two drought atlases. Prior to any analysis, the MXDA and ANZDA were recentered to a zero mean at each
grid point for the same 100-year period used as the baseline in the instrumental NINO 3.4 record in Figure 1
(1871–1970 C.E.). This ensures that both drought atlases reﬂect variability around this common baseline. For
the principal component analysis (PCA) speciﬁcally, we standardized the PDSI at each grid point to the mean
and standard deviation calculated across all 576 years (1400–1975 C.E.).
The utility of theMXDA and ANZDA for reconstructing ENSO requires assessing and validating the spatiotem-
poral ﬁngerprint of tropical Paciﬁc SSTvariability in eachdrought atlas,whichwequantify in severalways. First,
we conduct point-by-point correlations between the instrumental DJF NINO 3.4 index and the instrumen-
tal and tree-ring reconstructed PDSI. Second, we composite average PDSI in the instrumental and tree-ring
reconstructed PDSI for the strongest El Niño (NINO3.4≥ +1.0 K) and LaNiña (NINO3.4≤ −1.0 K) events, high-
lighting regions with the most consistent response. Finally, we conduct a PCA on the tree-ring reconstructed
PDSI, comparing the leading principal components (PCs) against the NINO 3.4 index to identify the modes of
variability most closely associated with tropical Paciﬁc SSTs.
For the NINO 3.4 reconstruction itself, we use a composite-plus-scale approach (e.g., Smerdon et al., 2015),
using PCs from the PCA that correlate signiﬁcantly with the NINO 3.4 index (the leading PC from each
drought atlas; see section 3 below). The reconstructedNINO3.4 index is calculated as the Pearson’s correlation
weighted sumof these PCs,with the varianceof the reconstruction scaled tomatch the calibrationperiod vari-
ance of the instrumental NINO 3.4 time series. We use an ensemble split sample model calibration-validation
procedure, using the PCs and instrumental NINO 3.4 time series from 1871 to 1975 C.E. At each step in the
model calibration-validation, we use approximately half the data to ﬁt the model parameters (Pearson’s cor-
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Figure 4. Composite average instrumental and reconstructed Mexican Drought Atlas PDSI during strong El Niño (NINO
3.4 ≥ +1.0 K) and La Niña (NINO 3.4 ≤ −1.0 K) events. Composites in the left and center columns are based on the same
list of events from the common period of overlap between the instrumental and reconstructed PDSI records
(1902–1975). For the reconstructed PDSI, the event list is expanded using all events from the full overlapping sea
surface temperature record (1871–1975). Gray stippling indicates gridcells where <75% of individual years within the
composite have the same sign as the composite average. PDSI = Palmer Drought Severity Index.
relations and variance; 51 years), with the remaining years (54) withheld for independent validation (using
validation statistics described below). In each iteration, the calibration windowmoves forward 1 year in time
(e.g., 1871–1921, 1872–1922 C.E., etc.) and all 54 remaining years are used for validation, yielding a total of
55 individual reconstructions.
To evaluate each individual reconstruction, we calculate Pearson’s correlations between the instrumental and
reconstructed NINO 3.4 indices separately for the calibration and validation windows. We also calculate the
Reduction of Error (RE) and Coeﬃcient of Eﬃciency (CE) statistics for the validation periods (E. R. Cook et al.,
1994, 1999). The RE and CE statistics are muchmore conservative metrics of reconstruction skill because they
compare the skill of the reconstruction during the validation period versus the mean of the instrumental
observations from the calibration (RE) and validation (CE) intervals. RE and CE have theoretical ranges of −∞
to +1, with positive values of these statistics indicating additional skill in the reconstruction beyond the cli-
matology. CE is more rigorous than RE because CE evaluates the reconstruction relative to themean from the
independent validation period. RE will thus always exceed CE unless themeans for the calibration and valida-
tion periods are equal. Following these evaluations, we generated a ﬁnal reconstruction as themedian values
calculated across all 55 individual reconstructions.
One critical consideration in long-term analyses of tropical Paciﬁc SST variability and regional climate is the
often nonstationary nature of teleconnections between the two (Ashcroft et al., 2016; Coats, Smerdon, Seager,
et al., 2015; Gallant et al., 2013; Lewis & LeGrande, 2015). These nonstationarities typically arise because of
the inﬂuence of other factors on regional precipitation that may overwhelm or weaken correlations between
local climate and these SSTs anomalies, including internal atmospheric variability or the inﬂuence of SSTs in
other ocean basins. Precipitation over Mexico, for example, is highly sensitive to tropical Atlantic SSTs (Seager
et al., 2009; Stahle et al., 2016), while over Australia phasing of the IndianOceanDipole and IPObothmodulate
the strength of ENSO impacts in the region (Cai et al., 2010; Power et al., 1999; Risbey et al., 2009). Shifts in
the amplitude of ENSO variance may also aﬀect teleconnection strengths (J. R. Brown et al., 2016; Coats et al.,
2013). One motivation for using information from two independent and geographically separate data sets is
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Figure 5. Composite average instrumental and reconstructed Australia-New Zealand Drought Atlas PDSI during strong
El Niño (NINO 3.4 ≥ +1.0 K) and La Niña (NINO 3.4 ≤ −1.0 K) events. Composites in the left and center columns are
based on the same list of events from the common period of overlap between the instrumental and reconstructed PDSI
records (1902–1975). For the reconstructed PDSI, the event list is expanded using all events from the full overlapping
sea surface temperature record (1871–1975). Gray stippling indicates gridcells where <75% of individual years within
the composite have the same sign as the composite average. PDSI = Palmer Drought Severity Index.
tominimize the potential inﬂuence of unstable teleconnections between ENSOand climate in any one region.
Such anapproach,whereproxy information frommultiple regionshelps compensate for issues related to local
nonstationarities, has been used in other climate index reconstructions (e.g., Lehner et al., 2012; McGregor
et al., 2010).
3. Results
3.1. ENSO Variability in Instrumental and Reconstructed PDSI
From1902 to 1975, theDJFNINO3.4 index is strongly and signiﬁcantly (p≤ 0.05) correlatedwith hydroclimate
variability in the two drought atlases (Figure 3), consistent with previous analyses demonstrating the strong
signal of many climate patterns in tree-ring based hydroclimate reconstructions (e.g., Baek et al., 2017). In the
MXDA, correlations between the NINO 3.4 index and PDSI are stronger in the tree-ring based reconstruction
compared to the instrumental PDSI, a result thatmay reﬂect lowermeteorological data quality inMexico prior
to 1950 (Stahle et al., 2016). Correlations across northern and central Mexico generally exceed +0.60 in the
reconstructed PDSI. By contrast, correlations between the NINO 3.4 index and the ANZDA reconstruction are
modestly weaker compared to the instrumental PDSI, ranging mostly between +0.30 and +0.50 over much
of eastern Australia.
The strength of the ENSO signal in the MXDA is also apparent in composite analyses (Figure 4), where we
averaged PDSI during the strongest El Niño (NINO 3.4 ≥ +1.0 K) and La Niña (NINO 3.4 ≤ −1.0 K) events
(red and blue dots in Figure 1). To estimate robustness of the signal, we required that approximately 75% of
the individual event years have the same sign as the composite average. Numbers in the lower right corners
of the panels in Figures 4 and 5 indicate the total number of events (the denominator) and the number of
events required to have the same sign as the composite mean to meet this 75% threshold (the numerator).
Gridcells not reaching this threshold aremaskedwith gray stippling. Aswith the correlation analysis, the ENSO
signal is stronger in the reconstructed PDSI compared to the instrumental, with themost robust anomalies in
northwestMexico (Figure4; left andcenter columns).Whenevents fromtheextended instrumental SST record
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Figure 6. The ﬁrst three EOFs from the independent principal component analyses of the Mexican Drought Atlas (top
row) and Australia-New Zealand Drought Atlas (bottom row). Inset percentages indicate the percent of the total
variance accounted by each EOF. EOF = empirical orthogonal function.
(back to 1871) are incorporated into the composite (Figure 4, right column) the results are similar, with slightly
weaker magnitude of anomalies but nearly an identical spatial pattern. In all cases, the anomaly composite
patterns for El Niño and La Niña have similar spatial patterns and absolute magnitudes, though they appear
more robust in the El Niño composite, especially over Texas.
The same set of composites for the ANZDA highlights the asymmetrical nature of teleconnections and
hydroclimate responses to El Niño versus La Niña over Australia and other regions (e.g., Cai et al., 2010, 2012;
Figure 7. Correlations between the leading PCs from the MXDA (top panel)
and ANZDA (bottom panel) and the DJF average SSTs in the HadISST data
set (1871–1975). The NINO 3.4 region is outlined in the black dashed boxes.
PC = principal component; DJF = December-January-February; SSTs = sea
surface temperatures; MXDA = Mexican Drought Atlas;
ANZDA = Australia-New Zealand Drought Atlas.
Hoerling et al., 1997; King et al., 2013; Power et al., 1999; Figure 5).
Speciﬁcally, the intensity of hydroclimate anomalies over Australia is more
strongly linked to large magnitude La Niña events than El Niños, as pre-
viously demonstrated in other studies (e.g., King et al., 2013). As with the
MXDA, both the instrumental and reconstructed PDSI show similar spatial
patterns and magnitudes of anomalies in the composites. The strongest
and most robust drying during El Niño occurs along the east coast, while
wettingduring LaNiña ismorewidespread across nearly all of easternAus-
tralia (Figure 5; left and center columns). Results over this period are similar
for both instrumental and reconstructed PDSI, though the La Niña wet-
ting is more intense in the instrumental. When events are included from
the pre-1900 period (Figure 5; right column), the intensity of the compos-
ite signal diminishes, especially for El Niño events, but the overall spatial
patterns are the same.
3.2. PCA
The empirical orthogonal functions (EOFs) from the ﬁrst three lead-
ing modes are shown in Figure 6. The leading modes in the MXDA
and ANZDA show coherent, same-signed anomalies across most of the
domain, accounting for approximately 40% of the underlying variance in
both data sets. For MXDA, EOF #2 has major opposing centers of action
in the southeastern United States and southern Mexico, while EOF #3
has strongly opposing loci in the southwestern United States and Cen-
tral/Southern Mexico. This EOF #3 has some superﬁcial similarity to the
Mexican Dipole pattern discussed in Stahle et al. (2016). Over ANZDA, EOF
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Figure 8. In the top panels, scatter plots and Pearson’s correlations
(1871–1975) between the DJF NINO 3.4 index and leading PCs
(standardized to zero mean and unit standard deviation) from the MXDA
and ANZDA. Bottom panel: moving window (21-year) correlations between
the DJF NINO 3.4 index and the leading PCs for the same interval. For the
moving window correlations, the one-sided signiﬁcance threshold (p ≤ 0.05)
is indicated by the dashed black line. DJF = December-January-February;
MXDA = Mexican Drought Atlas; ANZDA = Australia-New Zealand Drought
Atlas; PC = principal component.
#2 is a zonal dipole, with contrasting anomalies between the coast and
interior of eastern Australia, while EOF #3 shows antiphased anomalies
between most of Queensland and the rest of mainland Australia.
The leading PC in each region correlates strongly (1871–1975 C.E.) with
SSTs in the tropical Paciﬁc and Indian Ocean (Figure 7) and the DJF NINO
3.4 index (Figure 8, top panels; p < 0.001). Over the entire period of over-
lap (1400–1975), the two PCs correlate signiﬁcantly, but weakly, with each
other (Pearson’s r = 0.34, p < 0.001; Figure 9). The NINO 3.4 correlations
are positive in both data sets, consistent with the expected hydroclimate
response to tropical Paciﬁc SST variability and the sign conventions of
the associated EOFs. Moving window (21-year) correlations between the
PCs and the NINO 3.4 index do show some periods of weaker correla-
tion (Figure 8, bottom panel). The ANZDA shows the most pronounced
weakening, droppingbelowanominal 95thpercentile signiﬁcance thresh-
old during the 1930s and 1940s. This was a time period of signiﬁcantly
weaker ENSO teleconnections over Australia, as noted in previous analy-
ses of instrumental data from the region (Ashcroft et al., 2016; Power et al.,
1999).
3.3. NINO 3.4 Reconstruction
Across our 55 individual reconstructions, the median Pearson’s correla-
tions between the instrumental and reconstructed DJF NINO 3.4 index
for the calibration and validation periods were +0.72 (range from +0.55
to +0.79) and +0.62 (range from +0.55 to +0.75), respectively. The
median validation period REwas+0.13, ranging from−0.20 to+0.57, with
44 of 55 calibration-validation intervals yielding positive RE values. The
median CE was +0.06, ranging between −0.22 and +0.56, with 37 of 55
calibration-validation intervals yielding positive CE values. The weakest RE and CE statistics were generally
found when calibrating on the earliest (pre-1880) part of the instrumental record. In aggregate, however,
these statistics indicate a relatively stable and skillful reconstruction of the NINO 3.4 index using the lead-
ing PCs from the MXDA and ANZDA. The 55 individual (red lines) and ﬁnalized median (black line) NINO 3.4
reconstructions are shown in Figure 10.
The reconstruction shows a clear period of nearly continuous cold anomalies from 1566 to 1590 C.E., during
which a marginally positive NINO 3.4 value only occurred in 1 year (1575 C.E.; +0.26 K). The median NINO 3.4
value for this 25-year interval in the ﬁnal reconstruction is−0.79 K (mean of−0.85 K). This period includes one
of the single coldest years in the reconstruction (1573 C.E.;−2.75 K), and the mean andmedian 25-year mov-
ing window NINO 3.4 anomalies centered in 1578 C.E. are the lowest compared to all other possible 25-year
moving windows in the reconstruction (Figure 11). Other periods of intense and persistent cold SST anoma-
lies occur elsewhere in the reconstruction, including during the early 1700s and the 1950s, though the latter
appears much colder in the reconstruction than the instrumental data (Figure 10). The cold interval from
1566 to 1590 C.E. is a robust feature across the 55 individual reconstructions, ranging between −0.52 and
−0.94 K. Further, persistent negative anomalies for this period are present in each of the individual predictor
Figure 9. Leading PCs from the MXDA and ANZDA (1400–1975).
PCs = principal components; MXDA = Mexican Drought Atlas;
ANZDA = Australia-New Zealand Drought Atlas.
PCs (Figure 9), suggesting it is a relatively robust feature of the recon-
struction and not dependent solely on one speciﬁc drought atlas and the
stability of the associated teleconnections.
This reconstructed period of persistent cold conditions also overlaps with
a major ﬁlling event for Kati Thanda-Lake Eyre in Australia, recorded in
lake shoreline deposits in a reconstruction independent from the ANZDA
(Cohen et al., 2018). Filling events for this mostly ephemeral lake basin
occur during exceptionally wet years and in response to extreme rainfall
events (Habeck-Fardy & Nanson, 2014). Notably, these ﬁlling events are
most often associated with La Niña (Cohen et al., 2018; Habeck-Fardy &
Nanson, 2014; Kotwicki & Allan, 1998), though the necessary precipitation
can also derive from frontal systems connected to dynamics in the Indian
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Figure 10. The 55 individual (red lines) and ﬁnalized median (black line)
December-January-February NINO 3.4 composite-plus-scale reconstructions.
Uncertainty estimates (blue-gray shading) are calculated as the 95th
percentile prediction intervals from a regression between the instrumental
and median reconstructed NINO 3.4 indices over 1871–1975 C.E. The
instrumental NINO 3.4 index is shown in blue.
Ocean and the extratropics (Habeck-Fardy & Nanson, 2014). The date
for the late 16th-century ﬁlling event is 1598 C.E., with dating errors
(±36 years) that completely encompass the cold SST interval in our recon-
struction, indicating likely overlap. Both theNorthAmericanmegadrought
and Kati Thanda-Lake Eyre lake ﬁlling episode in Australia are dynamically
consistent with what would be expected from a persistent period of cold
conditions in the eastern tropical Paciﬁc, providing additional support for
this feature in our reconstruction.
Conﬁdence in our reconstruction depends partially on tropical Paciﬁc SST
variability being the dominant driver of the antiphasing in hydroclimate
between theMXDAandANZDA. To test this, we averaged PDSI over south-
east Australia in the ANZDA (141–155∘E, 28–40∘S) and northwest Mexico
in the MXDA (110–100∘W, 20–32∘N). We then used these time series to
calculate the frequency (over 1871–1975) of co-occurring wet conditions
in the ANZDA and dry conditions in the MXDA (and vice versa) for diﬀer-
ent magnitudes of tropical Paciﬁc SST and PDSI anomalies. These regions
were chosen tohave roughly the samearea and represent themain centers
of action for the PCs used as our predictors in the NINO 3.4 reconstruc-
tion. Regardless of the thresholds used, the frequency of simultaneous
wet ANZDA/dryMXDA conditions is substantially higher during years with
cold tropical Paciﬁc SSTs (La Niña; Figure 12). During extreme cold events
(NINO3.4 ≤ −1.0 K), for example, moderate and stronger wet conditions
in southeastern Australia (PDSI ≥ +0.5) and moderate and stronger dry
conditions in northwest Mexico (PDSI ≤ −0.5) simultaneously occur in 8/10 years (0.8). For all other years,
however, these anomalies only co-occur in 16/95 years (0.17). At the other extreme, intense wet conditions in
the ANZDA (PDSI ≥ +1.0) and intense drought in MXDA (PDSI ≤ −1.0) simultaneously occur during moder-
ate or stronger La Niñas in 10/33 years (0.30), but are absent from any of the other 72 years in the record. We
therefore conclude that tropical Paciﬁc SST variability is the dominant driver of antiphasing in hydroclimate
between the two regions.
3.4. Comparisons With Other ENSO Reconstructions
We compared our NINO 3.4 reconstruction derived from the drought atlases (hereafter, DRGHT) against sev-
eral other ENSO reconstructions that use a diversity of methods and proxies. JEG (Emile-Geay et al., 2013) and
Wilson (Wilson et al., 2010) are multiproxy reconstructions of the NINO 3.4 index, based primarily on corals
and tree-ring series. Mann (Mann et al., 2009) is also a multiproxy reconstruction, but represents decadally
smoothed SST anomalies from the NINO 3 region. Li (Li et al., 2013) and Cook (E. R. Cook et al., 2009) are
tree-ring based reconstructions of the NINO 3.4 index. Coats (Coats, Smerdon, Cook, et al., 2016) is not a direct
reconstruction of any ENSO index per se, but instead represents the decadal incidence of cold or warm ENSO
conditions. In Coats, years are categorized as either El Niño (+1), LaNiña (−1), or Neutral (0), and then a 10-year
lowpass Butterworth ﬁlter is applied. For all comparisonswithMann or Coats, the other ENSO reconstructions
were ﬁltered in an identical manner.
Pairwise correlations across all seven reconstructions are positive over the common interval of overlap
(1540–1975 C.E.; Figure 13). Correlations with DRGHT range from +0.30 (DRGHT versus Wilson) to +0.69
Figure 11. Median and mean NINO 3.4 values calculated from moving
25-year windows in the ﬁnalized median NINO 3.4 reconstruction.
(DRGHT versus Cook). The strong correlation between DRGHT and Cook is
somewhat expected, as the MXDA and the Cook reconstruction use many
of the same tree-ring proxies from Mexico and the southwestern United
States. Correlations between the other reconstructions range between
+0.13 (Li versus Wilson) and+0.54 (Cook versus Li), indicating some weak
to modest agreement while also highlighting the general lack of consen-
sus in the literature regarding ENSO variability over the last several cen-
turies. Despite these diﬀerences, all reconstructions show modestly cold
conditions during 1566–1590 C.E., but with substantially diﬀerent magni-
tudes and variability compared to DRGHT and each other (Figure 14). Of
these, Cook (median NINO 3.4 = −0.56 K) is closest in magnitude to the
intensity of cold conditions in DRGHT (median NINO 3.4 = −0.79 K), likely
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Figure 12. The fraction of years (1871–1975) in the drought reconstructions with co-occurring wet conditions in
southeastern Australia (141–155∘E, 28–40∘S) and dry conditions in northwest Mexico (110–100∘W, 20–32∘N), for
various NINO 3.4 and PDSI thresholds. Sample sizes range depending on NINO 3.4 threshold chosen: 10 La Niña years
(95 other years) with NINO 3.4 ≤ −1.0 K and 33 La Niña years (72 other years) for NINO 3.4 ≤ −0.5 K. In all cases, the
likelihood of simultaneously occurring wet conditions in southeastern Australia and dry conditions in northwest Mexico
is substantially higher during cold events (La Niña) in the tropical Paciﬁc. ANZDA = Australia-New Zealand Drought
Atlas; MXDA = Mexican Drought Atlas; PDSI = Palmer Drought Severity Index.
also a consequence of the substantial proxy overlap between the two reconstructions. Coats does showa sub-
stantial extended cold interval of similarmagnitude, but this occurs later in the 1580s and 1590s. For the other
reconstructions, the magnitude of the cold anomaly during 1566–1590 C.E. ranges between−0.14 (JEG) and
−0.26 K (Mann).
4. Discussion and Conclusions
Various hypotheses havebeenoﬀered to explain the general occurrence ofmegadroughts in diﬀerent regions
of Western North America, including SST forcing from the tropical Paciﬁc and Atlantic (Coats, Smerdon, Cook,
et al., 2016; Feng et al., 2008; Seager et al., 2008), feedbacks from the land surface (B. I. Cook et al., 2013), and
internal atmospheric variability (Stevenson et al., 2015). To date, however, few studies (e.g., Coats, Smerdon,
Cook, et al., 2016) have attempted to attribute speciﬁc megadrought events to a particular cause. Here we
used two new drought reconstructions in regions with strong teleconnections to the tropical Paciﬁc to infer
the stateof ENSOand relatedSSTvariability during the late 16th-centurymegadrought.Weﬁnd that this event
occurred during themost intensemultidecadal period (1566–1590 C.E.) of cold tropical Paciﬁc SST anomalies
Figure 13. Correlations across various ENSO reconstructions and the reconstruction derived from the DRGHT. ENSO = El
Niño Southern Oscillation; DRGHT = the NINO 3.4 reconstruction from the drought atlases.
COOK ET AL. 11,316
Journal of Geophysical Research: Atmospheres 10.1029/2018JD029323
Figure 14. Comparisons of ENSO forcing from DRGHT and other reconstructions during the late 16th-century (shaded
blue area; 1566–1590 C.E.). DRGHT is shown in each panel by the black line, and the other reconstructions are in blue.
Magnitude of the ENSO anomaly (median) in each of the other reconstructions during 1566–1590 C.E. is indicated in the
lower right corner of each panel. For comparisons with Mann, DRGHT was smoothed with a 10-year Butterworth
lowpass ﬁlter. For comparisons with Coats, DRGHT was converted from sea surface temperature anomalies to an ENSO
incidence series (using the same +1, −1, 0 scale as Coats), and then smoothed using a 10-year Butterworth lowpass
ﬁlter. ENSO = El Niño Southern Oscillation; DRGHT = the NINO 3.4 reconstruction from the drought atlases.
of the last 600 years, suggesting an important role for ocean forcing ofmegadroughts even after theMedieval
Climate Anomaly.
Our reconstruction shows colder conditions in the tropical Paciﬁc during this interval compared toother ENSO
reconstructions. However, there is only modest agreement across most tropical Paciﬁc SST reconstructions
over the last millennium, highlighting large uncertainties in our understanding of ocean variability during
recent centuries. Development of SST reconstructions over the last millennium, including the tropical Paciﬁc,
is diﬃcult because of the paucity of long-term, continuousmarine proxies with seasonal or annual resolution
(e.g., corals). Most eﬀorts, includingDRGHT and the other reconstructionswe discussed,must therefore rely at
least partially on terrestrial archives, with the resulting reconstruction dependent on the stability of telecon-
nectionsbetween theoceanbasins and the local terrestrial climate recorded in theseproxies.Weattempted to
mitigate some of these concerns by using two separate and geographically distant hydroclimate reconstruc-
tions centered inmajor regions of ENSO impacts. In this way, periods of weaker teleconnections in one region
can theoretically be compensated if the signal in the other region is stronger. Use of terrestrial proxies can
also cause circularity issues if the same records are used to simultaneously estimate and compare the terres-
trial climate state (e.g., the megadrought) and the ocean background forcing (e.g., the ENSO reconstruction).
However, in this study we do not use the MXDA to deﬁne any features of the late 16th-century megadrought
(e.g., intensity, timing, etc.), and so this circularity is mitigated. Furthermore, while there is some overlap in
tree-ring proxies used in the MXDA and other analyses of this megadrought (Stahle et al., 2000, 2007), this
event is also independently recorded in other proxies and historical records (Forman et al., 2005; Halfen et al.,
2012; Hupy & Yansa, 2009; Metcalfe et al., 2010; Routson et al., 2016; Stahle et al., 2000).
To more explicitly test the dependence of our reconstruction on the MXDA, we repeated the reconstruction
procedure, but only using PC #1 from the ANZDA as a predictor. Validation period statistics in these more
limited reconstructions were weaker (e.g., Pearson’s r ranging from +0.43 to +0.69 and only 20 of the 55
reconstructions had positive RE and CE), but they generated a similar period of negative ENSO conditions
from 1566 to 1590 C.E. (median NINO 3.4 during this interval ranged from −1.08 to −0.51 K across the 55
reconstructions). Such a result conﬁrms that this extreme cold period does not depend on inclusion of the
MXDA in the reconstruction, a similar result to Coats, Smerdon, Cook, et al., (2016) who were able to estimate
ENSO states during North American megadroughts using information from drought reconstructions outside
of North America (Monsoon Asia, Europe, and the Mediterranean). Given the independent information pro-
vided by the ANZDA in the NINO 3.4 reconstruction, and the fact that the MXDA was not used to identify or
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characterize this megadrought, concerns regarding circularity are therefore largely immaterial to our main
interpretations and conclusions.
While the persistent period of cold tropical Paciﬁc SSTs in our reconstruction is a plausible driver of the late
16th-century megadrought in the Southwest and Mexico, it is unlikely to satisfactorily explain all features of
this drought event, especially over the Central Plains. First, the drought over the Central Plains started ear-
lier than both the drought over the Southwest and the period of persistent cold SSTs in our reconstruction
(Figure 1). Second, teleconnections between drought over the Central Plains and tropical Paciﬁc SSTs are rel-
atively weak (Hoerling et al., 2009). It is therefore unlikely that the tropical Paciﬁc was the main driver of the
megadrought over this region. Central Plains hydroclimate, however, is sensitive to moisture transport from
the Gulf of Mexico and SSTs in the tropical Atlantic (Nigam et al., 2011), leading to speculation that warm
conditions in the tropical Atlantic may have contributed to megadroughts in this region (Coats, Smerdon,
Karnauskas, et al., 2016; Feng et al., 2008). The Central Plains is also broadly considered a hotspot for
land-atmosphere interactions (Koster et al., 2004, 2016); that is, a region where feedbacks from the land sur-
face to the atmosphere are likely to be especially strong. Land-surface feedbacks have been demonstrated to
be important for historical droughts over the Central Plains (e.g., theDust Bowl; B. I. Cook et al., 2009; Schubert
et al., 2004) and other research suggests they may have been important for megadroughts in the region too
(B. I. Cook et al., 2013). The role of these and other mechanisms (e.g., internal atmospheric variability) during
the 16th-century megadrought, however, remains to be explored.
Anothermajor unresolved question is whether such a persistent, multidecadal period of cold eastern tropical
Paciﬁc SSTs arose through internal ocean-atmospheric variability or whether it could be externally forced. The
late 16th-century occurs well after the Medieval Climate Anomaly, the period of most intense megadrought
activity and relatively high radiative forcing. Several major eruptions did occur in the late 1500s, including
Taal (1572 C.E.), Nevado del Ruiz (1595 C.E.), and Billy Mitchell (ca. 1580 C.E.). Most research to date, how-
ever, suggests that large volcanic eruptions favor the occurrence of El Niño events, rather than La Niña, (e.g.,
Emile-Geay et al., 2008; Khodri et al., 2017; Stevenson et al., 2016), an interpretation incompatible with the
late 16th-century tropical Paciﬁc SSTs in our reconstruction. The potential for internal ocean-atmosphere
variability to generate such an extreme state can therefore not be rejected (e.g., Ault et al., 2018).
Regardless of the cause, the occurrence of such an extended cold period in our reconstruction demonstrates
the capacity for the climate system during the preindustrial Common Era to generate extreme conditions
from natural variability or forcings alone. Even in the face of greenhouse gas forced increases in aridity and
drought risk (B. I. Cook et al., 2015; Cook, Palmer, et al., 2016; Seager et al., 2013), natural variability will still
be important, especially in the near term (e.g., next several decades) when it has a strong potential to amplify
or delay climate change forced trends (Delworth et al., 2015; Hawkins et al., 2015). The capacity of natural
climate variability to impose extreme drought in thewest thus still remains, andwill be critical for interpreting
projections of drought risk into the future.
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